Familial goiter is a genetic disease showing heterogeneous expression. To identify causative genes, we investigated three multigenerational goiter families with an autosomal dominant inheritance pattern. We performed genome-wide linkage analysis on all the families, combined with whole-exome sequencing in two affected individuals from each family. For linkage analysis, we considered loci with logarithm of odds (LOD) scores 41.5 as candidate regions for identification of rare variants. In one of the families, we found two rare heterozygous missense variants, p.V56M in RGS12 and p.G37D in GRPEL1, which segregate with goiter and are both located within the same haplotype on 4p16. This haplotype was not observed in 150 controls. In the other two families, we identified two additional rare missense variants segregating with goiter, p.A551T in CLIC6 on 21q22.12 and p.V412A in WFS1 on 4p16. In controls, the minor allele frequency (MAF) of p.V412A in WFS1 was 0.017 while p.A551T in CLIC6 was not detected. All identified genes (RGS12, GRPEL1, CLIC6 and WFS1) show expression in the human thyroid gland, suggesting that they may play a role in thyroid gland function. Moreover, these four genes are novel with regard to their involvement in familial goiter, supporting genetic heterogeneity of this disease.
INTRODUCTION
Nontoxic thyroid goiter is a common disorder characterized by a diffuse or nodular enlargement of the thyroid gland. It is caused by chronic stimulation of thyroid-stimulating hormone (TSH), and is not the result of inflammatory or neoplastic proliferation. 1 Both nongenetic and/or genetic factors contribute to the development of goiter, and with regard to nongenetic factors, it is well established that the incidence of goiter is largely dependent on iodine intake. 2 In addition, goitrogens (for example, thiocyanates and isoflavones), cigarette smoking, gender, age and increased body mass index are also important risk factors. [3] [4] [5] Moreover, family and twin studies clearly demonstrate a genetic predisposition to goiter development, 4, 6 and it is likely that interactions between environmental factors and an underlying genetic predisposition ultimately determine goiter occurrence.
In familial cases of goiter, the majority of families show an autosomal dominant inheritance pattern with locus heterogeneity. [7] [8] [9] [10] To date, linkage studies have identified many different loci including MNG-1 on 14q31, 7 a locus between TSHR and MNG-1 on 14q31, 8 a locus on Xp22, 9 and four other novel candidate loci on chromosomes 2q, 3p, 7q and 8p. 10 Except for MNG-1, the candidate genes responsible for the other linkage signals are so far unidentified.
The aim of the present study was to identify causative genes in three Japanese families with goiter. The probands of these three families were found through the neonatal mass screening program. To identify causative genes, we performed whole-exome sequencing in each family in parallel with linkage analysis. We anticipated that the combination of linkage analysis and exome sequencing would significantly enhance the capability of positional cloning. As all probands were also diagnosed with congenital hypothyroidism (CH), we also systematically investigated all known candidate genes related to CH.
MATERIALS AND METHODS
The study involved three Japanese multigenerational goiter families from the Tohoku area, one family was from Miyagi Prefecture and the other two from Akita Prefecture. In addition, 150 controls from each area were used. This study was approved by the Institutional Review Board and Ethics Committee of Kyoto University School of Medicine, Japan. Written informed consent was obtained from all participants.
Diagnostic criteria
A goiter-affected status was determined by the following criteria: (1) clinical assessment, by palpation and ultrasonographic examination, indicating diffuse or nodular enlargement of the thyroid gland; or (2) diagnosed with hypothyroidism due to high TSH levels (X10 mIU ml À1 ) in the neonatal mass screening program with follow-up by clinicians; or (3) having undergone a thyroidectomy because of goiter; or (4) having a history of diagnosed or an obviously observed goiter phenotype of deceased individuals.
Pedigrees
The MYG family included 15 individuals, of which 7 were affected with goiter ( Figure 1) . The proband was a 9-year-old girl (IV-3) who was born to nonconsanguineous parents with a normal delivery (41 weeks gestation, birth weight 3416 g). Based on her high TSH level (68.4 mIU ml À1 ) in the neonatal mass screening program, L-thyroxine therapy was started at 2 weeks of age. A follow-up thyroid function test revealed that her TSH level was slightly increased (6.25 mIU ml À1 ; normal range 0.29-5.11 mIU ml À1 ). Ultrasonographic examination indicated the thyroid gland had a slightly diffuse enlargement bilaterally. As for IV-3, her younger sister (IV-4), a 7-year-old girl, and her first-cousin's younger sister (IV-2), an 8-year-old girl, also immediately received hormone therapy based on high TSH levels (39.4 and 62.1 mIU ml À1 , respectively) in the neonatal mass screening program. Antibody examination showed all the three patients were negative for anti-thyroid peroxidase, anti-thyroglobulin and anti-thyroid stimulating hormone receptor antibodies. Since initiation of hormone replacement therapy in the patients, TSH levels were within the normal range and thyroid function was normal. Growth, development and intelligence were also assessed as normal. IV-1 was classified as normal, with no goiter or other thyroid disease detected over the 10-year study period: IV-1, IV-2, IV-3 and IV-4 have been followed up from 2002 to 2013. Within this family, III-4, III-3 and II-3 have mild diffuse goiter. TSH levels were slightly increased in III-4 (7.2 mIU ml À1 ) and thyroglobulin was increased in III-3 and II-3 (73 and 90 ng ml À1 , respectively; normal level o30 ng ml À1 ). Free triiodothyronine (FT3) and thyroxine (FT4) levels were in the normal range. The deceased great-grandmother (I-2) had goiter and underwent a thyroidectomy. Thyroid functions were normal with no goitrous thyroids in other family members.
A clinical description of the THS and THM families has been described previously. 11 In brief, these two families contain four multinodular goiteraffected individuals in four generations. The probands were two young girls (o10 years) who visited the hospital periodically based on high TSH levels identified in the neonatal mass screening program.
The THS family included 10 members. The proband (IV-1), a 3-year-old girl, showed multinodular goiter bilaterally despite receiving thyroid hormone therapy since she was 1 month old. Thyroid function testing revealed increased TSH levels (19.5 mIU ml À1 ) and 123 I-uptake (3 h 11.4%; normal rate 5.4-12.0%), with normal FT3 and FT4 (3.5 pg ml À1 and 1.03 ng dl À1 , respectively), and thyroglobulin (30 ng ml À1 ) levels. Microsome and KClO 4 discharge tests were both negative. Within this family, I-2, II-2 and III-4 had goiter, with thyroidectomies performed in II-2 and III-4. The pathology of the surgically removed thyroids revealed adenomatous goiter without neoplastic cell proliferation or lymphocyte infiltration. The remaining family members did not have goiter, as determined by palpation and ultrasonographic examination.
The THM family included 13 members. The proband (IV-3), an 8-year-old girl, had mild and diffuse goiter, with abnormal TSH levels (16.6 mIU ml À1 ) and 123 I-uptake (3 h 15.9%). Microsome and KClO 4 discharge tests were both negative. She had suspected hypothyroidism (TSH 38.9 mIU ml À1 ) in the neonatal mass screening program, but replacement therapy was not started because of normal T3 and T4 levels. Her father (III-4) was diagnosed with goiter at 30 years of age. Thyroid function tests identified increased TSH (5.1 mIU ml À1 ; normal range 0.34-3.5 mIU ml À1 ) and TG (300 ng ml À1 ) levels, FT3 and FT4 within the normal range (3.2 pg ml À1 and 1.03 ng dl À1 , respectively), and a negative microsome test. A CT scan showed bilateral swelling of the thyroid glands and a nodular lesion in the left lobe. Aspiration biopsy did not show lymphocyte infiltration or malignancy in the nodular lesion. The great-grandmother (I-2) also had goiter, identified as multinodular goiter by ultrasonographic examination, but TSH, FT3 and FT4 were all normal, with a negative microsome test. The deceased grandfather (II-2) also had goiter and had undergone a thyroidectomy. Pathological examination revealed multinodular goiter without malignant cell proliferation and no lymphocyte infiltration.
Controls
We randomly selected 150 healthy controls from Miyagi and Akita Prefectures to determine the minor allele frequency (MAF) for the identified candidate variants. Blood samples were collected from healthy individuals as part of their annual health checkup in 1999 (Akita) and 2005 (Miyagi), and stored at À20 1C in the Kyoto University Specimen Banks. 12 Control individuals did not have thyroid disease (self-reported). The 150 Miyagi controls were 21-65 years old (mean age 47.1 ± 11.2 years; male:female, 123:27). The 150 Akita controls were 30-82 years old (mean age 58.2 ± 10.7 years; male:female, 37:113).
Genome-wide linkage analysis and simulations
Genomic DNA was extracted from peripheral blood lymphocytes using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Genome-wide linkage analysis was performed in each family (MYG without II-1, 14 members; THS, 10 members; THM without III-1, IV-1 and IV-2, 10 members) using the ABI Prism Linkage Mapping Set (Version2; Applied Biosystems, Foster City, CA, USA), with 382 markers, 10 cm apart, covering all 22 autosomes. Polymerase chain reaction (PCR) amplification was performed and fluorescence-labeled DNA products mixed and electrophoresed on an ABI Prism 3100 Genetic Analyzer. Alleles were collected and analyzed using 3130 Data Collection (Version 3.0) and Genemapper (Version 4.0) software. The disease allele frequency was set at 0.01 and population allele frequencies assigned as equal portions of individual alleles. A multipoint parametric linkage analysis was performed using GeneHunter (Ver2.1_r6) and logarithm of the odds (LOD) scores obtained. 13 Haplotypes were constructed (and segregated haplotypes identified to determine susceptibility loci), and then combined with exome data to search for candidate causative variants in each family.
Because of relatively small family sizes and genetic heterogeneity, linkage analysis failed to map the disease locus to a single genomic site and the maximum LOD score did not reach the accepted LOD score of 3. Therefore, to identify the linkage locus, we introduced alternative approaches to compensate for the low statistical power. The exome approach, which identifies any potential coding variant or splicing site variant within families, is prone to detect false-negative loci as a result of the low statistical power. Therefore, to determine the genome-wide false-positive rate of LOD scores, we introduced a new threshold LOD score of 1.5, and randomly simulated linkage analysis in our families, with 100 simulations performed in each family. The average genome-wide false-positive rate of linkage analysis was then calculated in each family.
Whole-exome sequencing
Considering genetic heterogeneity, we selected two affected individuals in each family for exome sequencing, IV-2 and IV-3 in the MYG family, III-4 and IV-1 in the THS family, and III-4 and IV-3 in the THM family ( Figure 1) . We used the HiSeq 2000 platform (Illumina, San Diego, CA, USA) for exome sequencing. The target regions (CCDS exonic regions and flanking intronic regions, totally B50 Mb of genomic DNA) were captured using the SureSelect Human All Exon 50 Mb Kit (Agilent) according to the manufacturer's instructions. Briefly, genomic DNAs were extracted from peripheral blood and randomly fragmented by acoustic fragmentation (Covaris, Woburn, MA, USA), then purified using a QIAquick PCR Purification kit (Qiagen). Adapters were ligated to each end of the fragments, and the resulting DNA library purified (using QIAquick PCR Purification kit), amplified by ligation-mediated PCR and captured by hybridization using the SureSelect Biotinylated RNA library 'baits' (Agilent) for enrichment. The magnitude of enrichment of captured ligation-mediated PCR products was determined using the Agilent 2100 Bioanalyzer. Next, each captured library was loaded onto a HiSeq 2000 platform, and paired-end sequencing performed with read lengths of 101 bp, using two channels. Sequence reads were mapped to the reference human genome (Ghr37/hg19; UCSC Genome Browser hg19) using Burrows-Wheeler Aligner 0.5.9 software (http://bio-bwa.sourceforge.net/index.shtml). Singlenucleotide variants (SNVs) and small insertion/deletions (Indels) were detected using the Genome Analysis Toolkit (GATK) (http://www.broadinstitute.org/gsa/wiki/index.php/The_Genome_Analysis_Toolkit).
Sequence data were filtered against multiple databases, namely, dbSNP135 (ftp://ftp.ncbi.nlm.nih.gov/snp/organisms/human_9606/ASN1_flat), 1000 Genomes Project (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20110521/) and NHLBI ESP6500 (http://evs.gs.washington.edu/EVS/), and five in-house control exome databases, using various filtering strategy. Registration was searched in the dbSNP database (Build 135; NCBI, www.ncbi.nlm.nih.gov), and reference SNP number was provided if the variant had been registered in the current dbSNP database. For the analysis of exome data, non-coding and synonymous variants were filtered out, and only missense, nonsense, read-through and Indels were used for further analysis. Annotation of variants or markers to their physical positions was based on the Human Genome overview (Build GRCh37.p5).
Sanger sequencing
The candidate variants were directly sequenced using the Sanger method. Forward and reverse PCR primers were designed for each candidate variant (Supplementary Tables S1 and S4 ). PCR products were run on 2% agarose gels, and target bands excised and purified using QIAquick Gel Extraction kit (Qiagen). PCR amplification and sequencing was carried out using the GeneAmp PCR System 9700. Sequencing products were purified using Centri-Sep columns (Princeton Separations, Adelphia, NJ, USA), and sequences determined directly using BigDye Terminator v 1.1 Cycle Sequencing Kit (Applied Biosystems). PCR products were directly sequenced on an ABI PRISM3100 Genetic Analyzer, and sequence analysis performed using Sequencing Analysis v 5.3.1.
Prediction of function and homology alignment
The effect of rare or novel non-synonymous SNPs was assessed using Polyphen2 (Prediction of functional effects of human nsSNPs; 14 http:// genetics.bwh.harvard.edu/pph2) and SIFT (Sorting Tolerant From Intolerant) algorithm; 15 (http://sift.bii.a-star.edu.sg/), which predict damage to protein function or structure based on amino-acid conservation and structural data. Homology of the candidate variants was determined using protein BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Restriction enzyme assays
We used restriction fragment length polymorphisms to determine the MAF in controls. Appropriate restriction enzymes for identifying genotypes of target variants were determined using NEBcutter (http://tools.neb.com/NEBcutter2/). Primers and restriction enzymes are described in Supplementary  Table S2 .
Reverse transcription (RT)-PCR
For candidate gene expression analysis in human thyroid gland tissue, we purchased the Human Total RNA Master Panel II (Clontech, Takara, Japan). Using designed target primers for each gene (Supplementary Table S3 ), RT-PCR was performed and products run in 1.5% agarose gels for 15 min.
RESULTS

Linkage analysis
In all three families, goiter was transmitted in an autosomal dominant inheritance pattern ( Figure 1 ). Multipoint parametric linkage analysis did not identify a shared susceptibility locus among the families. However, in the MYG and THM families, we identified a susceptibility locus with a maximum LOD score of 3.8, from markers D4S412 to D4S419 at 4p16.3-4p15.3. In the THS and THM families, candidate loci partially overlapped at D3S1262, as described previously. 11 Our initial assumption had been that the two families either shared a variant, or had different variants within the same gene (allelic heterogeneity). However, despite exome sequencing, we were unable to find a shared variant or gene in the corresponding linkage region. Thus, as the disease shows genetic heterogeneity, we decided to combine our linkage analysis with exome sequencing, to search for causative variants in each family separately.
We simulated linkage analysis 100 times in each of the three families separately, and found that the genome-wide average falsepositive rate for LOD scores 41.5 were all less than 1% (MYG, 0.56% (95% confidence interval (CI): 0-1.3); THS, 0.52% (95% CI: 0-1.3); THM, 0.94% (95% CI: 0-2.1)). Therefore, for this study, we considered loci with LOD scores 41.5 to be potential candidate regions.
Based on the given criteria, the following loci within each family were considered candidate regions for gene analysis. In the MYG family, a single locus was identified with a maximum LOD score of 2.41, and covering a 10. (Figure 2c ). We focused on these candidate regions to search for causative variants using exome sequencing.
Exome-sequencing analysis
We performed exome capture using the Agilent SureSelect Human All Exon 50 Mb Kit, combined with massively parallel sequencing, generating 5.8-10.6 billion bases for six affected individuals. After mapping to the human reference genome (UCSC Genome Browser hg19), we obtained 4.1-7.9 Gb of targeted exome sequence suitable for mapping, with a mean sequencing depth between 54-and 102-fold. On average, 488.1% of exomes were covered to a read depth of at least 10-fold (Table 1) , which has been deemed sufficient from previous studies. [16] [17] [18] [19] After variant annotation, we focused our analysis primarily on nonsynonymous variants (missense, nonsense and read-through), splice acceptor and donor site variants, and coding Indels, anticipating that synonymous variants were less likely to be pathogenic. Using the public databases, dbSNP135, 1000 Genomes Project and NHLBI ESP6500, and five in-house control exome databases, we filtered our exome data. Given that familial goiter with an autosomal dominant inheritance pattern is rare, we assumed that the variants are also rare. 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21 Novel genes for familial goiter J Yan et al
As it is also well known that both genetic and environmental factors play critical roles in goiter development, 1,2 we assumed low penetrance of the trait to minimize false-negative rates. Taken together, we focused on less common variants (MAFo0.05 in the 1000 Genomes Project phase I and NHLBI ESP6500 databases), filtering the data accordingly ( (Table 1) . For SNVs, we used Polyphen2 and SIFT to predict the functional impact, thereby eliminating CC2D2A as a candidate, as p.I961T was predicted benign by both methods.
Confirmation of exome sequencing by direct sequencing and segregation analysis Next, we performed Sanger sequencing to confirm the exome findings and determine segregation of the candidate variants with the goiter phenotype ( Table 2) . We found p.V56M in RGS12 and p.G37D in GRPEL1 completely segregated with goiter in the MYG family. In addition, p.A551T in CLIC6 and p.V412A in WFS1 also completely segregated with goiter in the THS and THM families, respectively ( Figure 3) . The other variants identified by exome sequencing were validated but did not segregate with the goiter phenotype.
Minor allele frequency in controls
We determined the MAF of candidate genes in population-relevant controls (Table 3 , Supplementary Figure S1 ). The MAF of p.V56M (RGS12) and p.G37D (GRPEL1) was 12 (0.04) and 2 (0.007), respectively, in 150 controls from Miyagi Prefecture. In the MYG family, these two variants were located on the same chromosomal haplotype (Figure 3a) . Carriers of these two rare variants were not observed in controls, suggesting the haplotype frequency is o1%. The MAF of p.A551T (CLIC6) and p.V412A (WFS1) was 0 (0) and 5 (0.017), respectively, in 150 controls from Akita Prefecture.
Species homology and gene expression in the thyroid gland We compared homology of the candidate variants in mammals, and found conservation of the target amino acids in all candidate proteins (Figure 4) .
Using RT-PCR, we determined expression of the candidate genes in the human thyroid gland, and found that all genes were expressed in human thyroid tissue ( Figure 5 ). Novel genes for familial goiter J Yan et al Known genes related to CH All probands from the goiter families in this study were diagnosed with CH based on high TSH levels in the neonatal mass screening program. Thus, using our exome-sequencing data, we also systematically investigated all known candidate genes related to CH, namely TG, TSHR, TSHB, SLC5A5, SLC26A4, IYD, TPO, DUOX2, DUOXA2, NKX2-1, FOXE1, PAX8 and NKX2-5. 2,20 We found several rare or novel missense or splicing site variants, p.S1222L, p.G1479R, IVS47 þ 1C4T and p.N2616I in TG, p.S305R and p.C636F in TSHR, and p.G322S in NKX2-1 (Table 4) . We confirmed these variants by Sanger sequencing (Figure 6 ).
In the MYG family, the rare missense variants, p.S1222L in TG and p.C636F in TSHR, are present in non-affected, as well as affected subjects. In TG, the p.S1222L variant is shared by all the goiteraffected and four unaffected individuals (II-2, II-5, III-6 and IV-1). II-2, II-5 and III-6 did not show any goiter, and IV-1 did not show Novel genes for familial goiter J Yan et al goiter in the 10-year follow-up. Thus, we excluded p.S1222L in TG as a candidate causal variant. The p.C636F variant in TSHR did not segregate with the goiter phenotype, with three affected individuals (III-3, IV-2 and IV-4) who did not carry this variant. Another missense variant, p.G1479R in TG, was transmitted from the healthy individual (III-2).
In the THS family, the rare missense variants, p.N2616I in TG and p.S305R in TSHR were identified. Segregation analysis revealed that these two variants were transmitted from a healthy family member (II-1).
In the THM family, the splicing site variant, IVS47 þ 1C4T in TG, and a novel missense variant, p.G322S in NKX2-1, were identified. The IVS47 þ 1C4T variant was not carried by the affected proband (IV-3) and did not segregate within this family. The p.G322S variant in NKX2-1 was transmitted from a healthy family member (I-1). B l a n k Novel genes for familial goiter J Yan et al Thus, as both variants were either transmitted from a healthy individual or not carried by obvious affected individuals, we can exclude them as causative in our families.
DISCUSSION
Linkage analysis is an effective method to detect susceptibility loci with a large effect size. 21 Traditionally, a combination of linkage analysis and Sanger sequencing has been used to search for causative variants for disease. 22 However, because of locus and disease heterogeneity, the conventional approach has been difficult to perform, as the causative variants may be present in any number of candidate genes. The recent development of massively parallel DNA-sequencing technologies provides a powerful way to identify causative variants responsible for Mendelian or common disorders. 23 Even though exomes only constitute about 1% of the human genome, they are estimated to be the major source of causative variants, constituting 85% of disease-causing mutations. 24 Thus, by combining traditional linkage analysis and whole-exome sequencing, we have maximized our chances of identifying a causative variant. Using this approach, we identified rare missense variants in four genes (RSG12, GRPEL1, CLIC6 and WFS1) that segregate with familial goiter. These genes have not previously been linked to goiter, and in this regard are novel. All variants are predicted by Polyphen2 or SIFT to be detrimental to the protein, are rare in controls and are expressed in thyroid, suggesting that they likely play an important role in familial goiter development.
RGS12, located at 4p16.3, is a member of the regulator of G protein signaling (RGS) gene family. The RGS family modulates function of G proteins by activating the intrinsic guanosine triphosphatase activity of the a-subunits. 25 RGS12 encodes a protein that may function as a transcriptional repressor in addition to its role as a guanosine triphosphatase-activating protein. In hot and cold thyroid nodules, mRNA transcripts of RGS12 are significantly downregulated compared with normal tissue, implying that loss-of-function variants of RGS transcripts in thyroid nodules may contribute to goiter development. 26 In the MYG family, we found a missense variant (p.V56M) predicted by Polyphen to be detrimental to RGS12 function, segregating with the goiter phenotype, in accordance with its probable role in goiter pathology. However, it is unlikely that this variant acts independently, as its prevalence in controls was high (MAF, 0.041). Interestingly, in the same haplotype from this family, we found another rare missense variant, p.G37D, in GRPEL1. GRPEL1 is a GrpE-like 1, mitochondrial (Escherichia coli) gene that encodes an essential component of the presequence-associated motor complex. 27 GRPEL1 is necessary for translocation of transit peptide-containing proteins from the inner mitochondrial membrane to the mitochondrial matrix, in an ATP-dependent manner, controlling nucleotide-dependent binding of mitochondrial HSP70 to substrate proteins. 27 In the local population, the GRPEL1 MAF was 0.7%; therefore, as for RGS12, its relatively high prevalence does not support GRPEL1 as an independent gene for familial goiter within this family. However, if we assume an interaction between these two genes in the thyroid gland, the identified variants may potentially impair this interaction; therefore the haplotype carrying these two variants may be a susceptibility locus. Whether or how these two genes interact is still unknown; yet, as the haplotype carrying these two variants was not observed in 150 controls, nor in any of the publically available databases we examined, we are tempted to speculate that the combination of these two rare variants leads to goiter predisposition in this family. Table 4 Genes known to be involved in congenital hypothyroidism or familial mutinodular goiter Abbreviations: DUOX2, dual oxidase 2; DUOXA2, dual oxidase maturation factor 2; FOXE1, forkhead box E1; IYD, iodotyrosine deiodinase; MAF, minor allele frequency; MNG1, multinodular goiter 1; NKX2-1, NK2 homeobox 1; NKX2-5, NK2 transcription factor related 5; PAX8, paired box8; SLC26A4, solute carrier family 26, member 4, also known as PDS, Pendred syndrome; SNV, single nucleotide variant; TG, thyroglobulin; TPO, thyroid peroxidase; TSHR, thyroid-stimulating hormone receptor; TSHB, thyroid simulating hormone, beta; SLC5A5, solute carrier family 5 (sodium iodide symporter), member 5. Rare sequence variants, with a minor allele frequency o0.05 in 1000 Genomes (phase I) and NHLBI ESP6500 databases.
MAF, minor allele frequency in 1000 Genomes (phase I) database (1092 individuals worldwide/89 Japanese individuals). 0/0, wild type; 0/1, heterozygous; 0 and 1 represent major and minor alleles, respectively. a GRCh37.p5-primary assembly.
b SNP annotation based on NCBI dbSNP135 database.
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In the THS family, the proband (IV-1, a 3-year-old girl) developed multinodular goiter bilaterally, despite receiving thyroid hormone therapy since she was 1 month old. Two affected individuals (II-2 and III-4) have undergone thyroidectomies because of huge and compressed goiters. In this family, we identified a rare missense variant (p.A551T) in CLIC6, which completely segregated with the goiter phenotype. We did not detect this variant in 150 controls. Additionally, this variant is not detected in the NHLBI ESP6500 database and is very rare in the 1000 Genomes Project (MAF, 0.0005 in 1092 worldwide individuals, and not detected in 89 Tokyo Japanese individuals). CLIC6, located at 21q22.12, encodes a member of the chloride intracellular channel family of proteins. 28 It is expressed predominantly in the stomach, pituitary and brain, interacting with D2-like dopamine receptors directly and through scaffolding proteins. 29 CLIC6 may also be involved in secretion regulation, potentially through chloride ion transport regulation. The rare variant found in the THS family is located at the C-terminal, alpha helical domain of CLIC6, a highly conserved region. Thus, it is feasible that p.A551T in CLIC6 is the causative mutation within the THS family. Further functional analysis of CLIC6 is needed to ascertain its exact role in thyroid function and goiter development.
In the THM family, we unexpectedly found that a rare missense variant (p.V412A) in WFS1 completely segregates with the goiter phenotype. WFS1 is known to be responsible for WFS1-related disorders, including Wolfram syndrome 30 and WFS1-related lowfrequency sensory hearing loss (also known as DFNA6/14/38 lowfrequency sensorineural hearing loss 31, 32 ), which are inherited in an autosomal recessive and dominant pattern, respectively. In the various clinical manifestations of WFS1-related disorders, hypothyroidism is reported but its frequency is unknown. 33 In the THM family, the affected individuals have goiter, but thyroid functions are normal and they do not exhibit hearing loss. The proband (IV-3) was diagnosed with mild and diffuse goiter at 8 years of age, her father (III-4) with euthyroid goiter at 30 years of age, and her great-grandmother (I-2) had goiter with normal thyroid function. The MAF of the WFS1 variant in controls was 0.017, showing relatively high prevalence of this variant in the local population. However, we observed that this variant is rare in the1000 Genomes Project database (MAF, 0.0037) and not present in the NHLBI ESP6500 database. Thus, it is likely that a combination of triggering environmental factors and a genetic predisposition results in euthyroid familial goiter development, as reported previously. [1] [2] [3] [4] Moreover, we speculate that based on our results, P.V412A in WFS1 may be a contributing genetic factor, at least in this family.
Because of their known and important role in hormone synthesis and thyroid physiology, TG, TSHR, TSHB, SLC5A5, SLC26A4, IYD, TPO, DUOX2, DUOXA2, NKX2-1, FOXE1, PAX8 and NKX2-5 are potential candidate genes for familial goiter. 2, 20 Therefore, using our exome-sequencing data, we systematically investigated all of these first-line candidate genes. We found several rare or novel missense or splicing site variants in TG, TSHR and NKX2-1, but can exclude them as causative in our families, as most of the variants are either transmitted from healthy individuals or not carried by all the affected individuals. The one exception is the rare heterozygous missense variant (p.S1222L) in TG, which is shared by all the goiter-affected individuals in the MYG family. Given that goiter penetrance is low and the variant causes various thyroid diseases, this variant was reasonable to be the causative one. However, in the MYG family, we found that the goiter has obvious early age onset. There were three girls diagnosed with CH, who developed goiter in the early age stage. Another young girl (IV-1), a carrier of this variant, was normal throughout the 10-year follow-up period. As this variant also presented in four unaffected individuals, we considered it to be less pathogenic within the family. Moreover, further evidence also suggested that this variant was unlikely to be the major causative one. First, the pattern of goiter inheritance contradicts the mode of disease inheritance typically observed with TG mutations. To date, 50 mutations in TG have been identified in CH patients, and they are predominantly inherited in an autosomal recessive manner, with affected individuals either homozygous or compound heterozygous for mutations. 34 In contrast, in the MYG family, the goiter is inherited in an autosomal dominant pattern. Second, there is a phenotypic discrepancy from traditional phenotypes attributed to TG mutations. Although clinical manifestations of CH display wide phenotype variation, from euthyroidism to severe hypothyroidism, generally CH patients with TG mutations exhibit low serum TG levels and elevated TSH with simultaneous low serum FT4. 34 However, the affected individuals in the MYG family show elevated TG levels (II-3, 90 ng ml À1 ; III-3, 73ngml À1 ; normal level, o30 ng ml À1 ). Thus, although p.S1222L in TG is common in the MYG family, it is unlikely to contribute to the goiter phenotype expressed in this family. Additionally, although two rare heterozygous missense variants (p.C636F and p.S305R) in TSHR were identified in these goiter families, we excluded them as causative because they were either transmitted from a healthy individual or not carried by all affected individuals. This is consistent with reports that monoallelic mutations in TSHR may be less pathogenic because of their estimated high prevalence. 35 Our current study has several limitations. First, the family sizes are relatively small. As familial goiter is rare (prevalence of CH with a family history of goiter is estimated at 1/60 000 in Akita Prefecture 11 ), we have only identified three families during the past decades, with the family sizes not large enough to provide sufficient information for linkage analysis. Inevitably, several false-positive or negative loci would be identified by linkage analysis. To compensate for this low statistical power and to minimize false-positive locus identification, we combined exome sequencing and genome-wide linkage analysis, with a LOD score of 1.5 as a threshold for candidate locus identification. Second, even though exome-sequencing analysis is an effective way to detect coding sequencing variants, it cannot reveal mutations (that is, SNPs and structural variants) in noncoding regulatory regions, such as promoters or enhancers. Third, in our goiter families, the detection of goiter phenotypes is highly dependent on the mass screening program. Certain phenotypes may be undetected in the years before the introduction of mass screening. Consequently, we were unable to determine a consistent phenotype and the results may be confounded by bias. Fourth, our analysis is based on genetic homogeneity within the families, and we did not consider genetic heterogeneity. Finally, we did not conduct functional analyses to evaluate the effects of the variants on thyroid function, as complicated biological processes in the thyroid gland hampered our approach.
Familial goiter is a heterogeneous disease, at the level of both the phenotype and the genotype. In our three goiter families we identified four genes, RGS12, GRPEL1, CLIC6 and WFS1, that are novel in their association with the goiter phenotype. We excluded all first-line candidate genes as candidates. Our findings are consistent with the general agreement that additional proteins are likely to be involved in the mechanisms of goiter development, as the goiter biochemical pathway has not yet been fully elucidated. However, without further functional analysis, we cannot definitely conclude they are causative biologically. Further functional research is needed to provide a comprehensive understanding of the biological mechanisms involved in familial goiter.
